Conventional resistive-type strain sensing methods have limitations in large-area sensing due to their relatively small size. The soft elastomeric capacitive (SEC) sensor is a capacitance-based stretchable electronic strain sensor, which has shown distinct advantages for mesoscale sensing over conventional strain-based structural health monitoring (SHM) due to its wide surface coverage capability. While recent advances in wireless sensor technologies have provided an attractive alternative to wired and centralized SHM, the capacitive strain sensing methods have not benefitted from the wireless approaches due to the lack of appropriate hardware element. This study develops a wireless sensor board to use the SEC sensor in combination with a wireless sensor network for SHM by addressing key implementation challenges. An alternating current (AC)-based De-Sauty Wheatstone bridge circuit is employed, converting dynamic capacitance variation from the SEC sensor into analog voltage signal. A high-precision bridge balancer and two-step signal amplifiers are implemented to effectively apply for low-level structural strain vibrations. An amplitude modulation (AM)demodulator has been designed to extract the baseband signal (i.e. strain signal) from the carrier signal (i.e. AC excitation for the Wheatstone bridge). And a dual-step shunt calibrator has been proposed to remove the parasitic capacitance effect of lead wires during on-board calibration process. The performances of the sensor board developed in this study have been validated via a series of lab tests, outperforming a conventional wired capacitance measurement system.
Introduction
Structural strain response is one of the most widely used measures for structural health monitoring (SHM) because of its high accuracy in measuring both static and dynamic characteristics of structures and its low-cost and easy-to-install features. A conventional strain sensing method is to use foil-type resistive strain gauges, however, the resistive strain sensing methods have critical limitations in sensing of mesoscale components due to their small sizes, typically a few to tens-of mm 2 . Particularly for fatigue monitoring of steel structures, measuring structural strain responses in direct contact with or close to the potential fatigue crack locations are essential for effectively detecting fatigue crack initiation and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t propagation. However, conventional resistive-type strain sensors are too small to cover all potential fatigue crack regions, unless a large number of strain gauge array is used, which is not so practical [1] . Strain sensing is also widely used for concrete structures to reconstruct deformations and stress distributions [2] . However, non-homogeneous features of cementitious materials frequently cause inaccuracies in reconstructing global deformations, especially over cracked areas [2] [2] . Indeed, such concrete cracks can occur in any area of the surface due to shrinkage, creep, hydration temperature and/or irregular cement mixtures. Because of these uncertainties, small-size conventional resistive strain gauges had limitations in concrete structure applications and any other applications that require relatively large area sensing. To address these issues, various types of strain sensors that can cover large areas have been developed, which include, but not limited to, resistive sensor sheets [3] , carbon nanotube based sensors [4] and soft elastomeric capacitive (SEC) sensors [5] .
Among these, the SEC sensor is a capacitance-based stretchable electronic strain sensor that has larger-area coverage up to several thousand mm 2 and easy-to-install capabilities over complex geometries due to its highly elastic characteristics. Recent studies has demonstrated that the SEC sensor has a linearity up to measuring 20% strain and sufficient durability for structural crack monitoring, promising the performance in mesoscale sensing of static/dynamic strain responses for both concrete and steel structures [6] [7] [8] . However, high-sensitivity sensing demand for micron-level strain deformation of typical civil structures and lack of appropriate data acquisition tool for capacitance measurement limit the use of the SEC sensors for civil structural monitoring applications [6] .
Structural health monitoring using wireless sensors has emerged as a promising solution that can overcome the limitations of traditional wired methods with many attractive features such as wireless communication, on-board computation, battery power, ease of installation, and so on. Recent successful implementations of wireless sensors for structural health monitoring have demonstrated the efficacy of the technology in measuring structural acceleration, strain, and displacement responses over full-scale applications [9] [10] [11] [12] [13] . However, despite these successful implementations, many advantages of capacitive-based strain sensing are still left untapped using wireless sensor technologies.
There are various techniques available to measure capacitance, with oscillator-based capacitance sensing being one of the most well-known methods using RC circuit suitable for wide-range capacitive sensor interfaces. However, it requires high-performance, high-frequency, and an extremely low-jitter clock for small range capacitance variation measurement [14] . Another method is the Wheatstone bridge-based sensing approach, measuring electrical capacitance by balancing two legs of a bridge circuit, one of which includes the unknown-value capacitor. Several investigations have been conducted for the bridge-based capacitance measurement approach [14] [15] [16] . Nevertheless, neither of these existing approaches have been validated for wireless civil infrastructure monitoring applications that demand extremely low-level capacitance measurements with a high sampling rate. This paper presents the development of a capacitance-based wireless strain sensor board for structural health monitoring application using the Xnode wireless sensor platform [17] . The Xnode is a nextgeneration wireless smart sensor (WSS) platform that has various attractive features including 24-bit high-precision ADC, total 8 sensing channels, 1km long-range communication, solar energy harvesting, automated long-term operation using ISHMP software service library, and so on [17] . This sensor board converts low-level dynamic capacitance variation, measured by the SEC, into analog voltage signal. The board is designed to interface with the Xnode to use the power supply (3.3V), analog-to-digital conversion, onboard signal processing, and wireless data communication capabilities. The hardware design consists of AC-excitation, precisely balanceable AC-based De-Sauty Wheatstone bridge circuit, two-step signal amplifier, AM demodulation circuit, and series of filtering circuits. The prototype of the sensor board has been developed. The performance of the wireless sensor board in combination with the SEC sensor in dynamic capacitance sensing has been validated through series of shake table tests and compared with a commercial wired capacitance measurement kit. Page 2 of 17  AUTHOR SUBMITTED MANUSCRIPT -SMS-107093.R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Resistance-based strains can be measured using a DC Wheatstone bridge. However, if the bridge is composed of capacitors or combination of resistors and capacitors, only AC can be used to excite the bridge. Therefore, an AC Wheatstone bridge was employed to convert capacitance variation into analog voltage change. Due to the low-level capacitance variation of the SEC sensors under micron-level structural strain deformation, a two-step analog signal amplification has been employed. Also, an AM demodulation circuit was utilized to account for the dynamic variations of the capacitance value that manifested in the form of modulated signals. This section elaborates on the AC-based dynamic capacitance sensing principle, hardware design, and theoretical analysis of AC Wheatstone bridge configuration in detail.
AC bridge-based capacitive strain sensor board design

Sensing Principle of Soft Elastomeric Capacitor
The soft elastomeric capacitor (SEC) is a skin-type flexible strain sensor that transduces surface strain to a change in capacitance. It is fabricated using a stretchable polymer-based dielectric sandwiched by stretchable electrodes. The capacitance changes corresponding to change in geometry (area and thickness) of the sensor can be expressed by equation (1), depending on surface area A, thickness , vacuum permittivity ε 0 , and dielectric permittivity ε .
= 0
(1)
The SEC enables mesosystem monitoring for civil structures with several advantages such as large coverage area, low cost, durability, and flexibility. The capacitance of an SEC changes upon average strain sensing area. Several studies [5] [6] [7] 18] have shown promising performance for both mesoscale and fatigue monitoring.
In this study, 1.4×1.4 in. and 3×3 in sizes of SECs, shown in Figure 1 , are used for validation tests. Corresponding coverage areas are about 2 in 2 (1300 mm 2 ) and 9 in 2 (5800 mm 2 ), respectively. These two geometries were governed by the readily available casting plates used in the laboratory fabrication, which provided the opportunity to investigate the behavior of a larger SEC against one approximately a quarter of its size. Each SEC is installed using a bi-component off-the-shelf epoxy (J-B Weld) that was found to perform best to bound the sensor on steel surface in an adhesive comparison study [19] " on the steel plate members of a lab-scale shear-dominated building with a foil type strain gauge for reference, which will be further discussed in section III. The gauge factor of an SEC is approximately 2 regardless of its size, because it is solely a function of the sensor material's Poisson's ratio. [6] . 
Xnode wireless platform
The new sensor board is designed to work with the Xnode wireless sensor platform developed as a part of the Illinois Structural Health Monitoring Project (ISHMP) [17] . The Xnode was selected from A c c e p t e d M a n u s c r i p t various wireless sensor platforms due to its many attractive features such as reliable wireless communication, high-fidelity AD converter, expandable data storage, high-precision synchronized sensing, user-configurable middleware software library, automated long-term operation of wireless network, and so on. It is equipped with an LPC4357 (ARM Cortex M0/M4) microprocessor at frequency up to 204MHz, 24bit low-noise AD converter (TI ADS131E8), 2.4Ghz low-power wireless radio transceiver (Atmel AT 86RF233), and supports up to five analog input channels. In addition, it has a high-capacity rechargeable battery with solar panel support as well as a power supply port to feed 3.3V to external sensor boards. 
Considerations for high-sensitivity capacitance sensing
The first step of capacitance-based strain sensing is the conversion of capacitance change into analog voltage change. Considering that the capacitance variation of an SEC for micro-level strain responses of civil structures is under a 1% range, the sensor board needs to have sufficient signal amplification capability. Based on these requirements, an AC bridge circuit has been employed with high-precision bridge balancers and two-step amplifier.
The second consideration was the compatibility with the Xnode platform. The new sensor board has been designed to interface with the Xnode to use its high-fidelity 24-bit sensing capability and regulated power supply of 3.3V. The analog voltage output from the sensor board can directly be processed by the Xnode AD converter. The two-step amplifier can be set (i.e. control the sensitivity) to produce a 0~2.4V range (Xnode measurement range) after AM demodulation under micro-level strain signals. Because of the AC bridge mechanism, the differential voltage from the Wheatstone bridge arms is the amplitude modulated (AM) signal. Therefore, an AM demodulation circuit is employed to extract actual dynamic signals due to the dynamic capacitance variation from the modulated signals. Then, an analog low-pass filter was applied to obtain cleaner output in the desired sensing bandwidth. Figure 2 is the block diagram of the sensor module showing the capacitance sensing principle and interface with the Xnode platform.
AC Wheatstone Bridge
As mentioned, high sensitivity is essential for capacitive strain sensing using SECs. To achieve the required sensitivity, a precisely controllable AC Wheatstone bridge circuit was designed as illustrated in Figure 3 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t The AC Wheatstone bridge with two capacitors and two resistors, as the simplest AC bridge configuration for comparing the two capacitor values, is known as De-Sauty bridge. In this design, a grounding scheme in which a sensor is located at the grounding side is employed to minimize the noise sources. The SEC has two stretchable electrode layers at the top and bottom surfaces with copper tapes used to connect to the DAQ. The top layer is used for (+) input to the DAQ and the bottom layer is used for (-) as a ground. The SEC is very sensitive to the electromagnet/environmental noise, hence the sensor board is designed to share the SEC ground with the whole circuit ground.
In this design, a sine wave AC signal is used to excite the bridge. Considering the cost effectiveness and difficulties in finding a proper sine wave chip with the bandwidth required of the amplifier, a square wave to sine wave conversion scheme is employed. This strategy uses a 32.768kHz square wave oscillator with a 4-order Sallen-key low pass filter for square wave to sine wave conversion. The De-Sauty bridge is composed of a reference capacitor ( 2 ), an SEC ( 1 , i.e. variable capacitor) and two potentiometers as variable resistors ( 1 and 1 ) for bridge balancing as shown in Figure 4 . One of the capacitors is the sensor (DUT, Device Under Test), while the other is the reference (quarter bridge). The final output signal (i.e. ∆ ) from the De-Sauty bridge with the two-step amplifier can be derived as follows. First, by using the configuration in Figure 3 , the balanced condition is 2 / 1 = 1 / 2 . The initial state voltage (no strain) of bridge can be expressed as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t and when the capacitance of SEC increases by ∆C, the total capacitance of the SEC sensor is ′ 1 = 1 + ∆ and the voltage under test (strain) of the bridge is
Rearranging terms in Eq. (3) yields:
For a balanced status, 1 1 − 2 2 is zero and according to the SEC sensitivity, the capacitance change ∆ is very small compared to nominal capacitance of the SEC; thus, ∆ can be neglected in the denominator of (4), resulting in following equation:
Eq. (5) gives a linear expression transducing a change in capacitance into a change in voltage. Because the capacitance change is very small, an amplification is necessary. However, due to the parasitic effect, the balance could not be perfectly achieved, which means there is always a DC component in the output signal from the bridge. Therefore, two stages of amplification are used in this design, illustrated in Figure  3 . Two AD8226 were employed for the two-step amplification due to their low cost, appropriate power supply range (2.2V to 36V), proper bandwidth (1.5Mhz), and sufficient amplification capability up to 1000 times. The two-step amplification can be expressed in equation (6).
Differential voltage from the De-Sauty bridge is amplified by the two-step amplification with gain factors 1 and 2 shifted by 1 and 2 . Between the two stages, a high-pass filter is set to eliminate the DC component of the signal output from the first stage amplifier by subtracting DC components for pure AC amplification. In the second amplification step, an unbiased AC signal was amplified and shifted again by 2 for output level control.
AM Demodulation & Low pass filter
According to equation 7, the output signal from the amplification part would be an amplitude modulated (AM) sine wave. So amplitude envelope detection is employed to make the final voltage proportional to the capacitance change. Figure 5 shows the circuit for the amplitude envelope detection. In this circuit, the values for R and C should be carefully designed to ensure the demodulated signal reflects the actual message (i.e. dynamic capacitance variation of the SEC). In this board design, the target frequency bandwidth of the structural response signal is 0~40Hz. On the other hand, the carrier 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t frequency of the modulated signal that comes from the AC sine-wave excitation for the bridge is much higher than the message frequency. Therefore, to extract the message from the modulated signal, the relationship shown in equation 7 must be satisfied. 1 
where f is the frequency of the carrier, ω is the bandwidth of the message, and τ is the charging time of the RC circuit.
In addition, a third-order active LPF using the Sallen-Key configuration has been incorporated after the AM demodulation for cleaner final outputs. Figure 6 shows the prototyped sensor board based on the circuits described above. Each component has been described in Figures 2-4 according to its function. To achieve low-level noise performance, low-noise OP-Amps, TI OPA4344 was used. For bridge balance, amplifier gain control, and DC signal shift, analog potentiometers were used, which consequently allows for compatibility with various levels of nominal capacitance of the SECs depending on their geometry. Total material cost for the prototype board is about 50 USD, which can be further lowered down for higher volume production. 
Prototype sensor board
Dynamic capacitance measurement procedure using wireless sensors
For wireless measurement of dynamic capacitance change using the SEC in combination with the sensor board, the following procedure is required. Figure 7 shows a brief schematic of the wireless sensor network configuration used in this study. A wireless sensor network of Xnode is composed of two types of wireless nodes; one is a gateway node connected to a PC, which serves as a network manager node, and the other one is a leaf sensor node that serves as an actual sensing node to measure the dynamic capacitance change in this study. The network size (i.e. number of leaf sensor nodes) depends on the number of measurement locations. The new sensor board developed in this study is interfaced with the leaf sensor node. The step-by-step procedure is described as follows:
Step 1 -Installing the SEC sensors on the surface of interest. Detailed instruction of the SEC installation can be found from other references, including [5~8].
Step 2 -Connecting the SEC to the sensor board via the sensor input pins shown in Figure 6 .
Step 3 -Performing Wheatstone bridge balancing. The two analog potentiometers (i.e. P1 and P2) shown in the bottom right of Figure 6 , which correspond to the R 1 and R 2 of Figure 4 , can be adjusted to match the bridge output signals (i.e. V 1 and V 2 of Figure 4 ) each other. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Step 4 -Performing gain adjustment. Signal amplification can be adjusted to fully utilize the available sensing span of the Xnode using the two analog potentiometers (i.e. P3 and P4 in Figure 6 ), which control the Amp.1 and Amp.2 as shown in Figure 4 .
Step 5 -Performing Shunt calibration. A dual-position slide switches shown in the shunt calibration area shown in Figure 6 allow to control ON/OFF connection of the two calibration capacitors (i.e. C c1 and C c2 shown in Figure 16 ). This process provides a calibration coefficient to convert voltage outputs from the sensor board into actual capacitance levels. More details about shunt calibration can be found in Section 4.
Step 6 -Conducting wireless data acquisition using the RemoteSensing application of the Xnode software. Sensing parameters (e.g. sampling rate, sensing duration, etc.) can be set to desired values. The dynamic capacitances are measured and digitized at the leaf sensor nodes and the data is wirelessly transmitted to the gateway node. More detail about the Xnode and application software can be found in [17] . 
Experimental validation
Performance evaluation of the capacitance sensor board has been conducted employing a static noise test and a series of dynamic tests. While various sizes of SECs are available, 1.4×1.4 in. (nominal capacitance: 210pF) and 3×3 in. (nominal capacitance: 870pF) SECs were selected for the validation tests. For this test, an eight-story shear-dominated building having steel plate columns was used. An APS400 Electrodynamic shaker with an APS145 amplifier was used to generate the dynamic load excitation.
The SECs and a foil-type resistive strain gauge were installed on the exterior surface of the 1 st floor steel plate column as shown in Figure 8 . Wireless capacitive measurements were compared with a commercial wired capacitance measurement kit PCAP02, which is based on an oscillator with digital inverter having 116aF RMS noise under a 250Hz sampling rate.
For comparison, strain responses were measured by an OMEGA KFH-3-120-C1-11L3M3R, which is a foil-type strain gauge having a nominal resistance of 120±0.35Ω , 2×3mm measurement grid, and gauge factor 2, in combination with a National Instrument CompactDAQ with the universal strain gauge input module (NI9235). A static noise test was conducted to estimate the noise floor of the sensor board with the Xnode. For dynamic performance evaluation, each SEC was tested under a cyclic sine-wave excitation with four-step amplitude increments shown in Table 1 . Considering useful strain range for SHM applications, maximum amplitude about 500 ~ 700 micro-strain has been set and several lowerstep amplitudes (i.e. four steps) has been chosen for the cyclic sine excitations. Also, random excitation tests have been conducted for the performance validation over a broad frequency range. For each test case, the sensor board was precisely balanced and amplified with calibration factors (pF/mV) as shown in Table 1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 8 . Test specimens, shear building on a shake table 
Static noise test
The noise floor of sensor board was evaluated. The capacitance change of the SEC under micro strain level deformation was very small, hence low noise performance is critical. The ambient RMS noise of sensor board and PCAP over 20 Hz bandwidth were measured and compared. The sensor board ambient noise was measured as 0.12mV (corresponding to 1.2fF by calibration factor 0.01pF/mV) and PCAP ambient noise was measured as 48.6 fF as shown in Figure 9 (a). The noise floor in frequency domain shows much lower noise level in the sensor board. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Dynamic
Step-load Test Case 1: Small SEC Dynamic performance of the new wireless sensor board was evaluated by applying cyclic step-load tests. A series of dynamic test results from the wireless sensor board connected to the small SEC are compared with those from a commercial wired DAQ (i.e. PCAP02) connected to the same SEC in Figure  10 (b) and 11(b) . Also strain measurements by a foil stain gauge with the NI DAQ are provided as a reference in Figure 10 (a) and 11(a) . For each test, the De-Sauty bridge was balanced precisely.
As can be observed in Figures 10(a) and 11(a) , the measurements taken by the new sensor board showed good agreement with conventional strain gauge measurements for all amplitude steps and frequency excitations. Compared with PCAP02 measurements, the new sensor board showed cleaner (lower noise) results as shown in Figure 10 -b and 11-b. The PCAP02 measurement showed noisy results under high frequencies; the noisy measurements are particularly obvious at low amplitude responses.
The maximum capacitance variation under dynamic excitation was observed to be 1.11pF, which can be converted as 0.5% variation under the 710 micro strain level. Considering the clean measurement from the sensor board under small strain level (110 micro strain, 0.11pF), the sensor board is capable to measure capacitance changes below 0.05%.
(a) Comparison between sensor board and strain gauge (b) Comparison between sensor board and PCAP02
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Dynamic
Step-load Test Case 2: Large SEC While small SECs exhibited good sensitivity, a large-size SEC was also tested under the same testing condition. Figures 12-13 show that maximum capacitance variation under an excitation of 600 micro strain was about 2.6pF which can be converted to a 0.3% variation of the 870pF nominal capacitance for the large SEC.
The wireless sensor board still showed cleaner results than those from the PCAP02 as observed in Figure 12 (b) and 13(b). However, when connected to the large SEC, both the sensor board and PCAP02 generally showed noisier data than the small SEC results as shown in Figure 10-11 ; which are particularly evident in Figure 12 (a) and 13(a). This may be attributed to the fact that the increased SEC area is subjected to more electromagnetic (EM) field interference in the lab environment.
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(a) Comparison between sensor board and (b) Comparison between sensor board and
Dynamic Random Load Test: Large SEC
Additionally, the new sensor board was tested under random excitations to evaluate its performance under ambient structural responses. A 20Hz band-limited white noise was used for the excitation. For comparison, a 3×3 in. SEC was used for performance evaluation. The sensor board was balanced with a calibration factor of 0.2141 for this case. Test results showed strong agreement with conventional strain gauge measurement as shown in Figure 14a , and was even better than the PCAP02 measurements from a noise perspective, as shown in Figure 14b . The small amplitude difference observed in parts of the time histories may be attributed to the larger area of the SEC. Figure 15 shows a comparison of the measurements in the frequency domain. In particular, auto power spectral density (APSD) was used to evaluate the noise floor of each data set [10] . All three measurements successfully identified the natural frequency peaks of the shear building, but showed differences in the noise floor. As seen in Figure 15 , the strain gauge data showed the clearest peaks with the lowest noise level. The SEC measurements from both the PCAP02 and the sensor board captured the natural frequency peaks clearly but showed higher noise floor levels. Nonetheless, as expected, the sensor board showed a lower noise floor than the PCAP02 over the whole frequency range.
Modified shunt calibration circuit
For practical applications of the sensor board, a calibration process that converts the voltage output from the Wheatstone bridge into absolute capacitance value is required. A traditional shunt calibration approach that uses a single additional capacitor, however, does not provide accurate calibration because the parasitic resistance and capacitance of lead wires connected to the SEC sensor can cause substantial signal drift issue. In order to eliminate this side effect due to the long lead wire impedance, a modified shunt calibration method that uses dual-step calibration process is proposed in this study. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 16 . Proposed shunt calibration circuit Figure 16 shows the proposed two-step shunt calibration circuit schematic composed of two fixedvalue calibration capacitors (i.e. 1 and 2 ). The two calibration capacitors are parallel connected to the SEC with On/Off switches. Once the first calibration capacitor is paralleled (i.e. 1 is On and 2 is Off), then the output voltage increment ∆ 1 from the bridge is obtained taking difference between the bridge output voltages before (i.e.
) and after (i.e. 1 ) the calibration capacitor is connected. Here the output voltage 1 , when the 1 is connected, is actually not only affected by the calibration capacitor but also by the additional impedance (Z L ) of the lead wires. Therefore, the bridge output voltage increment ∆ 1 can be determined as shown in Eq. (9) below:
As implied in Eq. (9), a traditional shunt calibration approach that use a single additional capacitor will not work, as the leas wire effect (i.e. ) would be substantial and cannot be disregarded in the capacitive sensing.
Then, the bridge output voltage increment ∆ 2 when the second calibration capacitor is connected (i.e. 1 is Off and 2 is On) is determined in the similar way:
Pure output voltage changes from two-step calibration induced by 12 cc CC V   can be expressed as, eliminating the lead wire effects:
By summarizing above equations, a calibration factor to convert the analog voltage change into capacitance change can be achieved as:
Modified shunt calibration circuit validation
To validate the proposed shunt calibration circuit, two calibration tests were conducted (case1 and case2) and compared with direct capacitance measurements using large SEC tests. For the calibration capacitors, 5pF and 1pF were selected and tested, resulting in a 4pF capacitance difference. Each case used a different bridge balance and amplification, which needed to be calibrated prior to actual measurement. From the shunt calibration tests, voltage-to-capacitance conversion coefficients were achieved-Case1: 2.35mV/pF and Case2: 3.25 mV/pF. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t By using achieved calibration coefficients, cyclic sine-wave excitation with four-step amplitude increments tests which are same as section 3.3 were conducted. Voltage measurements from sensor board were converted to capacitance with calibration coefficients achieved by shunt calibration tests. As a reference, direct capacitance was measured using PCAP 02. Figure 18 shows the comparison between sensor board measurement converted to capacitance using the calibration coefficients obtained through the shunt calibration process and the reference capacitance measurement by PCAP02. The two cases described above have different bridge balancing and amplification settings that produce different-range voltage signal for the same excitation. As shown in Figure 17 , the proposed shunt calibration process and its calibration factor successfully converted the different voltage output signals from the two cases into the actual capacitance change. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Conclusions and future works
In this study, a capacitance based wireless strain sensor board has been developed to use the SECs in a wireless sensor network for mesoscale structural strain sensing. The sensor board has been designed to interface with Xnode wireless sensor platform to take advantage of many unique features of the Xnode aiming effective realization of mesoscale wireless structural strain monitoring. To convert low-level dynamic capacitance variation of the SEC into analog voltage signals that Xnode can read, AC-based Wheatstone bridge, high-precision bridge balancer, two-step signal amplification, and AM demodulation with low-pass filter have been employed. To address the signal drift issue induced by long lead wires' additional impedance, two-step shunt calibration process has been proposed. The prototype of the sensor board has successfully been made and the performances of the sensor hardware have been experimentally validated in combination with the SECs in a laboratory. A series of laboratory tests revealed that the new sensor board was able to perform low-noise and high-accuracy strain measurement using the SEC and outperformed a commercial wired capacitance measurement system (PCAP02).
Full-scale applications of the wireless sensor board will be the next step of this study. A full-scale field implementation is a challenging task and provides opportunities to improve the performances to address potential challenges. For examples, while the sensor board has been designed to minimize the measurement noise, the noise performance of the wireless capacitance measurement system still needs to be improved by enhancing the manufacturing process of both the SEC and the sensor board and employing an EM field shield. Automating the process of the Wheatstone bridge balancing and shunt calibration through digital circuitry needs to be further investigated to meet the practical requirement of field applications in the future. Furthermore, enclosure design for environmental insulation and longterm performance tests under outdoor conditions will need to be further explored for wide adoption of the technology in practice.
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